This study examines the factors responsible for the long-term
Introduction
Winter monsoon in the vicinity of Japan is characterized by a northwesterly (NW) wind, which is associated with a strong pressure gradient between the cooled continent and warmer ocean (e.g., Fig. 1a ). The NW monsoonal flow significantly absorbs sensible and latent heats over the Sea of Japan, where the sea surface temperatures (SSTs) are maintained relatively warm in mid-winter along the Tsushima Current. It eventually brings about enormous amounts of precipitation around the coastal land area of Honshu (the main island of Japan) facing the Sea of Japan (e.g., Fig. 1 in Arai and Yasunaga 2019) . Consequently, this region is known to be one of the areas with the heaviest winter precipitation in the world.
Our previous paper (Yasunaga and Tomochika 2017; YT17 hereafter) examined the long-term changes in the monthly precipitation along the coastal areas of the Sea of Japan and discovered that precipitation in December significantly increases by ~50% of the climatological precipitation in most of the observational stations from the mid-1980s to 2015, while there are no remarkable changes in the precipitation in November or January. Although SST also shows significantly positive trends over the central and southern parts of the Sea of Japan in December of the corresponding period, it was suggested that the intensified monsoonal flow is mainly responsible for the precipitation increase. Thus, the reason for the more intense NW monsoonal flow in December (rather than November and January) in recent years needs to be considered. Therefore, this paper explores the long-term trends of the large-scale atmospheric pressure pattern leading to the intensified NW monsoon.
Data and methodology
This study used data obtained from the European Centre for Medium-Range Weather Forecasts interim reanalysis (ERA-Interim, herein ERAI) for dynamical and physical variables such as horizontal and vertical winds, geopotential height, and temperature (Dee et al. 2011) . The time interval of the dataset is 6 hours, and the horizontal resolution is 0.75° in both zonal and meridional directions. Moreover, data obtained from the Global Precipitation Climatology Project (GPCP) version 2.3 was used for monthly precipitation estimates, spanning the period from January 1979 to the present (Adler et al. 2018) . Besides, outgoing longwave radiation (OLR) data obtained from the polar-orbiting satellites of NOAA was used as a proxy for rainfall (Liebmann and Smith 1996) . The horizontal resolutions of GPCP rainfall and OLR are 2.5°.
A simple linear regression analysis was conducted by applying least squares method to the time series of several variables (e.g., monthly mean geopotential height, horizontal wind, precipitation, and OLR) to estimate their linear trends. The statistical significance was tested using a two-sided Student's t test with significance levels of 0.05 and 0.01. The calculation was performed for the period between 1988 and 2015, following the analysis in YT2017. As a result, the degree of freedom for the regression analysis is estimated to be 26 (= 28 -2). In addition, multiple regression analysis was conducted to clarify the linear relationships among positive height anomalies in the pole region, increasing trends of tropical precipitation, and negative height anomalies around Japan. Figure 1b represents the linear trends of geopotential height and horizontal winds at 1000 hPa level in December. Negative anomalies of geopotential height were observed between the high and low pressure systems over the Eurasian continent and the Bering Sea with the center around the main island of Japan, and the wind anomalies show anti-clockwise circulations over Japan. In wintertime, NW wind prevails (Fig. 1a ), and the cyclonic wind anomalies indicate that the monsoonal flow is intensified over the central and western parts of Japan, while it is opposed over the eastern part. YT17 found that the monthly accumulated precipitation amounts significantly increased around the central and western parts of Japan ( Fig. 5 of YT17 ). Thus, the features of Fig.1b are consistent with the results of YT17.
Results
Linear trends of geopotential height and horizontal winds at 850 hPa, 500 hPa, and 300 hPa levels were calculated for more extended areas in order to clarify the factors responsible for the cyclonic anomalies over Japan (the climatological distributions of these variables are represented in S. Fig. 1 ). Negative anomalies were also observed at the lower level over the Indian subcontinent and the tropical Indian Ocean, while positive anomalies were subcontinent were more prominent in the upper level than at the mid-level, indicating that the height anomalies had baroclinic structures.
Signifi cantly positive anomalies of geopotential height and anticyclonic wind anomalies which were situated across the Indian subcontinent, Indian Ocean, and maritime continent (Fig.  2) are similar to the heat-induced tropical circulation (Matsuno 1966; Gill 1980) . Some previous studies have clarifi ed that winter precipitation in Japan is closely related to the enhanced tropical convection. For example, Inaba and Kodera (2010) compared prominent over Siberia and the northern part of Turkey ( Fig. 2a ). In the mid troposphere, the negative anomalies around Japan extended to the west, and the height anomalies over the Indian subcontinent was slightly positive (Fig. 2b ). In addition, positive anomalies were more signifi cant over West Asia and the pole region. The basic features in the upper level were similar to those in the mid-troposphere, where negative height anomalies were located around East Asia including Japan and positive anomalies were observed over West Asia and the pole region ( Fig. 2c ). It should be also noted that positive anomalies around the Indian 2015) conducted numerical experiments using a linear baroclinic model and concluded that the intensifi ed convection over the maritime continents and the neighboring oceans is primarily responsible for cyclonic circulation around Japan. Yamazaki et al. (2019) further demostrated that particular types of the snowfall distribution over Japan accompany the intensifi cation of convection there. These studies are the motivation behind this study to further examine the trends of precipitation and OLR in the tropics. Figure 3a represents the linear trends of the monthly mean precipitation. As expected, signifi cantly positive anomalies of precipitation extended over the eastern Indian Ocean and maritime continent. The increasing rate normalized by the climatological monthly precipitation amount (S. Fig. 2 ) is ~15−18% per decade. Moreover, OLR anomalies were negative in the corresponding region ( Fig. 3b ), which confi rms the more vigorous activity of tropical convection in recent years.
Based on the results of the present analysis and previous studies, increasing precipitation over the eastern Indian Ocean and maritime continent in recent years have intensifi ed positive geopotential anomalies over the Indian subcontinent through Matsuno-Gill response. Besides, a packet of stationary Rossby waves emitted from the positive anomalies over the Indian subcontinent caused negative height anomalies over East Asia in the upper level (Fig. 2c ). This is confi rmed by north-eastward wave activity fl ux (WAF), which was introduced by Takaya and Nakamura (2001), from the Indian continent to East Asia in the upper level (Fig. 4) . On the other hand, WAF does not show any signifi cat signals in the middle or lower troposphere, although simple correlation analysis reveals that timeseries of precipitation in the tropics are closely related to height anomalies in the lower levels around Japan (not shown).
The negative anomalies over East Asia in the upper level induces the advection of warmer air on the eastern side, and accompanies negative height anomalies in the lower level around Japan (e.g., Figs. 1b and 2a ), which indicates that the phase of the cyclonic anomaly tilts to the west as the height increases. The westward tilting structure like a baroclinic wave is also found in the "western Pacifi c pattern" (Tanaka et al. 2016) , which is one of dominant teleconnection patterns over the North Pacifi c (Wallace and Gutzler 1981) . Based on the results obtained by Tanaka et al. (2016) , this phase tilting in Fig. 2 would suggest that the cyclonic anomaly develops and is maintained through baroclinic conversion of available potential energy from the climatological mean fi elds that have large meridional temperature gradient over the region. This speculation basically follows the previous investigations and is not unique in the present study. Especially, Ueda et al.
(2015) examined the heat-induced response in a linear baroclinic model under the wintertime atmospheric circulation, and indicated that the intensifi ed convection over the maritime continents and the neighboring oceans lead to anti-cyclonic circulation over the Asian continent and subsequent anomalous cyclonic circulation around Japan. However, gradual changes of the responses on the sub-monthly time-scale and detailed mechanisms for the maintenance should be clarifi ed in the future study.
Discussion
In the previous section, the long-term changes of pressure patterns around Japan and adjacent areas were shown as well as their relationships with the precipitation over the tropical eastern Indian Ocean. On the other hand, several issues are still left unsolved, which includes 1) the impact of the positive anomalies of geopotential height in the pole region (e.g., Fig. 2) , 2) the reason why the NW monsoonal fl ow does not change in November or January. These are briefl y addressed in the present section.
Infl uence of the positive anomalies of geopotential height in the pole region
The recent global warming in association with the reduction of the Arctic sea ice in the pole region may affect the East Asian winter monsoon (e.g., Honda et al. 2009 ). Thus, multiple regression analysis was performed on geopotential height and horizontal winds at 300 hPa level, using 300-hPa geopotential height averaged over the pole region (40°W−100°E, 80°N−90°N) and precipitation over the eastern Indian Ocean and maritime continent (80°E−120°E, 15°S−15°N) as independent variables (different latitude and longitude selections do not affect the results much). The regressed fi elds reproduced the patterns of the height anomaly and corresponding wind fi elds (Fig. 2c) , although negative height anomaly was slightly extended to the north-western direction (Fig. 5a ). When the regressed fi elds were decomposed into each component, the corresponding anomalies had distinctive characteristics (Figs. 5b and 5c ): zonal-symmetric patterns were prominent in the fi eld partially regressed to height anomaly in the pole region, while stationary wave trains were evident in the fi eld partially regressed to the tropical convection. In terms of the negative anomaly of geopotential height and cyclonic circulations over Japan and its west-side region, meanwhile, the contributions of tropical convection were larger.
There are numerous investigations on the relationships between East Asian winter monsoon climate and low-frequency variability in extratropical oscillations such as Arctic oscillation (AO) (e.g., Gong and Ho 2004) and North Atlantic Oscillation (NAO) (e.g., Watanabe 2004) . However, none of them show signifi cant trends in the present analysis period (not shown). In contrast, the geopotential height shows positive trends over the pole region in the resent years (Fig. 2) , which would be associated with the recent Arctic amplifi cation (Screen and Simmonds 2010) . These results justify the reason why AO or NAO index was not employed in the present analysis.
Trends of geopotential height in November and January
In November, precipitation over the tropical Indian Ocean shows remarkably increasing trends ( Figs. 6a and 6b) , and significant positive anomalies of geopotential height similar to Matsuno-Gill response are located in the upper level ( Figs. 7a and 7b) . However, the center of the positive height anomaly over the Indian subcontinent slightly shifts to the west with smaller amplitude, in comparison with those in December. The WAF indicates that a packet of stationary Rossby waves propagates to the north rather than to the north-east (S. Fig. 4a ), probably refl ecting the location of the positive height anomaly and the relatively weak jet stream. As a result, negative height anomalies developed over inland region of China and did not extend to Japan (Figs. 7a and 7b) .
In January, precipitation trends are negative over the tropical Indian Ocean and positive trends are discovered over the western Pacifi c (Figs. 6c and 6d) . The WAF indicates that a packet of stationary Rossby waves propagates to the further east (S. Fig. 4b ) in association with the eastward shift of the heat source, resulting in the positive and negative anomalies of geopotential height over China and the eastern offshore region of Japan, respectively (Figs. 7c and 7d).
Summary
In this study, the factors responsible for the long-term changes of the monsoonal fl ow around Japan were examined in association with increasing trends of precipitation in December along the coastal areas of the Sea of Japan. The results indicate that precipitation around the tropical eastern Indian Ocean and maritime continent have signifi cantly increased in recent years. It was Fig. 7 . Linear trends of monthly mean geopotential height (shade) and horizontal wind (vector) at 850 hPa and 300 hPa levels in November (a and d) and those in January (c and d). Thick purple and green lines represent statistically signifi cant changes at 95% and 99% levels, respectively. also revealed that a packet of the stationary Rossby wave associated with the anomalous heating deflects the subtropical jet to the south over the eastern edge of the Eurasian continent. This deflection gives favorable conditions for the development of a low pressure trough in the lower level on the eastern side and would lead to the formation of negative height anomalies near the surface around Japan. Close relationships between tropical convection and pressure patterns around Japan have been well recognized in previous works. However, the present study is the first to clarify their relationships from the point of view of long-term trends.
Geopotential height shows positive trends in the pole region, which may also affect the increasing trend of precipitation. Based on multiple regression analysis, however, tropical convection was found to be primarily essential to the formation of the negative height anomalies in the lower level around Japan. Although tropical precipitation increases in November and January, the anomalous heating is located to the west and east in comparison with that in December. Reflecting the different location of the hating, negative height anomalies and cyclonic circulations are induced in the upper level over the inland region of China and eastern offshore region of Japan in November and January, respectively. As a result, monsoonal flow around Japan (and precipitation along the coastal areas of the Sea of Japan) shows no long-term trends in these months.
It is beyond the scope of this study to clarify why precipitation in December significantly increases over the eastern Indian Ocean and maritime continent. However, the positive trend of tropical precipitation might be related to a packet of the stationary Rossby wave from the further west (around the northern part of Turkey). In fact, WAF indicates that a packet of stationary Rossby wave propagates to the east and then deflected to the south, thereby intensifying the positive anomalies over the Indian subcontinent, as seen in Fig. 4 . Similar features were also reported by Sakai and Kawamura (2009) and Inaba and Kodera (2010) . On the other hand, Sakai and Kawamura (2009) suggested that La Niña-like SST patterns influence East Asian winter monsoon through the intensification of convective activity over the maritime continent. We will examine the importance of the SST and remote forcing to the enhanced convection over the eastern Indian Ocean and maritime continent in the future study.
